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A transparent electrode is essential for solar cells as it allows incoming light to reach the photoactive layer. Transparent conductive oxides (TCO) such as indium tin oxide (ITO) and fluorine doped tin oxide (FTO) are well-suited for this purpose due to their transparent and conductive nature. In the organic solar cell (OSC) community ITO is far more popular than FTO as the transparent bottom electrode. However the price of indium, which usually has a fraction of more than 70% in the ITO, is relatively high compared to fluorine and tin, and depends on global supply and demand. 1 Studies revealed that the cost of the ITO coated substrate is the highest among the material costs (including active layer, interlayers, top electrode and encapsulation) for manufacturing organic photovoltaic modules. 2, 3 Besides the cost, indium from the ITO was found to diffuse into the layers on top and even to the top metal electrode in normal device structure which may lead to instability of devices. 4, 5 This scenario was also observed in organic light emitting diodes (OLED) which employ similar materials and device architecture. 6, 7 Nevertheless, ITO is still widely used in the field of OSC.
A few studies tried to use FTO to replace ITO as the bottom electrode for both OSC and OLED. 8, 9 For OSC, FTO was found to outperform the ITO, in terms of the high temperature processability and stability. 8 FTO was found to have higher thermal stability than ITO. Sima et al. showed that the sheet resistance of ITO can go up from 18 Ω/◽ to 52 Ω/◽ after thermal annealing at 450 ○ C, while FTO remains unchanged. 10 If interlayers which require high annealing temperature like titanium dioxide are employed, FTO is more suitable than ITO. 11, 12 Besides, FTO with lower sheet resistance (7-8 Ω/◽) is more mature than ITO and they are widely available in the market. 13 Practically, lower sheet resistance is found ARTICLE scitation.org/journal/adv to have higher scalability of the device fabrication. 14 Lucera et al. showed that OSC modules using FTO with a resistance of 8 Ω/◽ has a higher fill factor (FF) when compared to OSC modules using ITO with a resistance of 20 Ω/◽. 15 On the other hand, for OLEDs, better performance was shown when using FTO when compared to ITO within the tested bias range. 9 Furthermore, FTO coated glass is highly favourable for window glazing and can have low emissivity for thermal insulation. [16] [17] [18] Therefore, it could be attractive to study the performance of semi-transparent OSC fabricated on FTO coated glass. However, quite often, the devices fabricated on FTO suffer from high leakage current due to the high surface roughness.
Here, we compare ITO and FTO as the bottom electrode for OSCs and explore the suitability of using FTO for OSCs, with particular interest in semi-transparent OSCs. Inverted poly [4,8- [6, 6] -phenyl-C 71 -butyric acid methyl ester (PTB7-Th:PC 71 BM) was selected as a benchmark OSC system for this study. 19 Their surface morphologies, optical properties and device characteristics were investigated. Through all-round comparison, we discuss and conclude how suitable FTO is as a bottom contact for OSC.
Patterned ITO and FTO substrates were purchased from Shanghai B.Tree Tech Consult Co. and Kintec Co. (NSG Pilkington FTO glass TEC15) respectively. The size and pattern of the substrates were the same, as were the sheet resistances, 15 Ω/◽. The substrates were sequentially cleaned by sonication in detergent, DI water, acetone and isopropanol in an ultrasonic bath. The substrates were then treated with oxygen plasma for 2.5 minutes right before spin-coating the first layer.
Inverted PTB7-Th:PC 71 BM (purchased from 1-Material and Solenne BV, respectively) devices were fabricated for this study with ZnO as electron transport layer and MoO 3 as hole transport layer. Zinc oxide precursor solution (0.219 g zinc acetate dihydrate + 60.4 μl ethanolamine + 2 ml 2-methoxyethanol) was spin-coated onto oxygen plasma cleaned substrates at 4000 rpm for 40 s followed by thermal annealing on a 150 ○ C hotplate for 10 minutes in air, resulting in a thickness of ∼30 nm. The samples were then transferred to a nitrogen filled glovebox for active layer deposition. PTB7-Th and PC 71 BM with 1:1.5 weight ratio were dissolved in chlorobenzene at 60 ○ C for at least 12 hours before spin-coating. 1,8-diiodooctane (3 vol%) was added to the solution 30 minutes before the deposition resulting in a total concentration of 25 mg/ml. The PTB7-Th:PC 71 BM solution was spin-coated onto the ZnO layer at 900 rpm for 60 s, resulting in a thickness of ∼100 nm. Films thicknesses were measured by a profilometer (Alpha-Step D-600 Stylus Profiler). The films were then transferred to an evaporator for MoO 3 (10 nm) and Ag (100 nm for opaque devices and 20 nm for semi-transparent devices) evaporations. Thickness calibrations of MoO 3 and Ag were done prior to the evaporations with the aid of the profilometer. The device area is 0.15 cm 2 . All opaque devices were encapsulated with UV-epoxy (Solarmer) before exposing to air.
Current density-voltage (J−V) characterisation was performed using a sourcemeter (Keithley 2400) under a solar simulator with an intensity of 100 mW/cm 2 . EQE spectra were obtained using a quantum efficiency measurement system (PV Measurements QEX10).
Where relevant a black background was used when testing the semi-transparent cells.
The UV-Vis transmission spectra of ITO, FTO and the semitransparent cells were measured with a Perkin Elmer Lambda 750 spectrophotometer.
Non-contact Atomic force microscopy (AFM) measurements were taken using a Park NX10 AFM system and SmartScan software with Park silicon PPP-NCHR tips (force constant 42 N/m) with a resonant frequency of 300 -330 Hz and a set point of approximately 10 nm. At least three regions on each sample were imaged to ensure reliability. Images were corrected for background to improve the image quality using the Gwyddion open-source software package.
AFM was employed to study the surface morphology of different layers on ITO and FTO, the AFM height images are shown in Figure 1a -1f. Firstly, we looked at the surface roughness of the ITO and FTO. As expected, the surface of FTO was much rougher than that of ITO, root mean square roughness (Rrms) of 0.63 nm for ITO and 16.0 nm for FTO. Furthermore, on the FTO surface (Figure 1d ), there are tall features, tens of nanometres taller than the average. We then probed the surface roughness layer-by-layer up to the bulkheterojunction (BHJ) active layer. After depositing the ZnO layer onto the TCO, the Rrms of the ITO/ZnO surface increases slightly to 1.7 nm whilst the Rrms of the FTO/ZnO surface drops by almost half, to 8.96 nm. After depositing the BHJ layer onto the ZnO, the Rrms of the ITO/ZnO/BHJ surface remains similar, 1.43 nm whilst the Rrms of FTO/ZnO/BHJ surface decreases further to 3.59 nm. Figure 1g summarises the sequential changes in surface roughness. It clearly shows that after ZnO and active layer deposition on the FTO substrate the surface roughness is substantially reduced, with the both layers on the two TCOs showing a more comparable surface roughness. Additionally, the distinct peaks observed on the FTO surface were absent in the ZnO and active layer images.
Next, we studied the device performance based on the device architecture shown on Figure 1h using either ITO or FTO as the bottom electrode. Figure 2a shows the J−V characteristics of representative scans of the devices under one sun illumination and the corresponding device parameters are listed in Table I . The J−V curves show comparable device performance for all parameters for both the TCO devices. These results are further confirmed by a statistical study on more than 10 devices for each TCO. Both the TCOs show comparable average and best power conversion efficiency (PCE) as shown in Figure 2b . Even though the short circuit currents (JSC) are similar the spectral responses of each device are different. External quantum efficiency (EQE) of the devices are plotted in Figure 2c . Both spectra show a range from ∼300 nm to ∼850 nm mainly determined by the active layer absorption. However, the high-energy onset of the EQE spectrum for the FTO device is slightly shifted toward longer wavelengths which is directly correlated to the onset of the transmittance between the ITO and the FTO glass substrates (see the inset in Figure 2c ). The difference in transmittance also causes some variation in the EQE spectra of the devices at other wavelengths. However, these variations are not significant and the calculated short-circuit current density (J cal ) from the EQE spectra of the ITO and FTO devices showing similar values of 14.87 mA/cm 2 and 14.63 mA/cm 2 , respectively. These values are in good agreement with the JSC obtained under one sun, with a variation of ∼10%. Energetically ITO and FTO have different work functions, -4.7 eV for ITO and -4.4 eV for FTO are the most common values reported in the literature. 20, 21 This difference in contact energy levels may affect open-circuit voltage (VOC) in the devices. 22, 23 However, there is no difference in the VOC for the devices studied here. This is probably due to the ZnO layer applied on top of the TCOs, which modifies the energy levels of the electrodes, resulting in similar energy level alignment. It is worth noting that the thickness of the ZnO is only about 30 nm which appears to be substantial to planarise the rough FTO surface, as seen in the AFM images.
Both ITO and FTO devices show comparable FF of ca. 64%. Series resistances (RS) and shunt resistances (R Sh ) are extracted from the J−V curves. Since the sheet resistance of both the TCOs were purposely kept the same (15 Ω/◽) as well as using identical TCO pattern, interlayer, active layer and top metal electrode, it is expected that the RS of both devices are similar. Although the sheet resistance can be kept the same, the roughness of the ITO and FTO are quite different. Usually, FTO is much rougher than ITO and it may cause higher leakage current in the devices. 8 Importantly, here, both the R Sh and the dark current density of the ITO and FTO devices are comparable as shown in Table I and Figure 2d , respectively. These results are consistent with the significant reduction in the roughness on the FTO substrate after coating the layers on top.
Furthermore, we deposited a thin silver layer (20 nm) to replace the opaque electrode in order to study the effect of the roughness of the top surface of the active layer (using ITO and FTO bottom electrodes, respectively) to the performance of semi-transparent OSC. The results are also shown in Figure 3 and Table I . Overall the performance decreased when compared to that of the opaque devices due to loss in JSC as the whole devices are semi-transparent and reflection by the back electrode is much reduced. Although the JSC and VOC of these semi-transparent devices are similar, the FF of the FTO device is slightly lower than the ITO device which is likely due to the slightly higher RS of the FTO devices which can be attributed to the reduced conductivity of the thin silver layer on a rougher surface. This result suggests that the higher surface roughness of the active layer using FTO as bottom electrode has only minimal effect on the device performance, with overall performance being very similar. On top of that, the devices on FTO has slightly higher transmission in the visible region ( Figure 3b ). It is worth noting that the effect of the rough FTO surface could be further reduced with a thicker active layer which is more common in using up-scaling coating methods, hence the performance of semi-transparent OSC fabricated on FTO substrates could be even closer to that on ITO substrates. OSCs with a device architecture of TCO/ZnO/BHJ/MoO 3 /Ag fabricated on ITO and FTO with identical device configuration are studied and compared. Their performance, series resistance, shunt resistance and dark current density are all comparable. Through probing the layer-by-layer surface roughness by AFM, the comparable results are well explained by the evolution of the surface roughness of the layers. The ZnO planarises the rough FTO surface resulting in the roughness reduced by almost half, from Rrms of 16 nm to a Rrms of less than 9 nm. The BHJ layer (PTB7-Th:PC 71 BM) further planarises the surface and results in the Rrms to 3.59 nm which is more comparable to the roughness of the active layer using the ITO as bottom electrode (1.43 nm). Furthermore, the semi-transparent devices with a thin layer of silver as the top electrode further confirm that the rougher FTO surface is not a real concern after deposition of the subsequent layers. Therefore, FTO could be attractive to serve as the bottom electrode of OSC, especially semi-transparent OSC as FTO are useful for window glazing. Although ITO possesses some unique advantages over FTO, such as smoother surface and compatibility with flexible substrates, FTO can still be attractive given the similar device performance achieved herein, lower material cost, higher tolerance to the processing temperature and lower sheet resistance coating ready in the market. Flexible solar cells are also not essential for many applications such as solar cells integrated into windows for buildings and greenhouses. For these scenarios, making solar cells on rigid glass substrates, with FTO is perhaps more suitable.
